A category of non-axisymmetric oscillations of acoustically levitated water drops was observed. These oscillations can be qualitatively described by superposing a sectorial oscillating term upon the initial oblate shape resulting from the effect of acoustic radiation pressure. The oscillation frequencies are around 25 Hz for the 2-lobed mode and exactly 50 Hz for the 3-and 4-lobed modes. These oscillations were excited by the disturbance from the power supply. For the same water drop, higher mode oscillations were observed with more oblate initial shape, indicating that the eigenfrequencies of these non-axisymmetric oscillations decrease with increasing initial distortion. The maximum velocity and acceleration within the oscillating drop can attain 0.3 m·s −1 and 98.7 m·s −2 respectively, resulting in strong fluid convection and enhanced heat and mass transfer.
The dynamics of liquid drops has aroused great interest in various fields since the pioneering works of Plateau [1] and Rayleigh. [2] As a relatively simple nonlinear dynamic system, the experimental study and theoretical analysis of liquid drops provides an insight into related fluid problems. [3−5] The understanding of liquid drops and their motions can serve as a firstorder model for more complicated natural systems, such as astronomical bodies [6] and atomic nuclei. [7] The motion and stability of drops reflects the properties of liquids [8] and influences various processes in engineering. [9] The oscillation of a free drop can be decomposed in the spherical harmonics. According to the degree and order of the spherical harmonics ( , ), the oscillation modes are classified into three categories: zonal oscillation ( = 0), tesseral oscillation ( ̸ = ̸ = 0) and sectorial oscillation ( = ̸ = 0). [10] The first category is referred to as axisymmetric oscillation and the others are non-axisymmetric oscillations. Up to now, the axisymmetric oscillations of spherical and initially flattened drops have been extensively studied and relatively well understood, [11−15] but there have been relatively few works on non-axisymmetric oscillations. Some attempts were made on sectorial oscillations of drops which were supported on substrates and excited by mechanic, electromagnetic, or thermal disturbance. [16−18] However, these oscillations are complicated because of the confined interface, the hysteresis of the contact line, or the rapid evaporation of the liquids. Levitation methods may provide conditions more easily comparable with theory, by freeing the drop from the complicated effect of with a surface. Here we report the non-axisymmetric oscillation of acoustically levitated water drops up to the 4-lobed mode. The oscillation modes are identified and the dependence of oscillation frequency on the distortion extent of the flattened drops is confirmed.
The experiments were performed with a singleaxis acoustic levitator, which is actuated by a magnetostrictive transducer with a frequency of 16.7 kHz. The wavelength of this ultrasound is about 20 mm in the air at room temperature, which allows the levitation of samples with sizes up to a few millimeters. More details of the levitator can be found elsewhere. [19] After the acoustic levitator was adjusted to a proper state, a water drop about 5 mm in diameter was injected into the pressure node with a syringe. By increasing the acoustic radiation pressure, the water drop was flattened to different extents from a near spherical shape to a concave shape. Different oscillation modes could be observed in the continuous flattening of the drop. Through a window at the middle of the acoustic reflector, the bottom view of the oscillating drop was recorded by a Redlake HG 100 K high speed camera at a rate of 2000 fps. The oscillation frequency was obtained by analyzing the recorded images. To improve the quality of recorded images, axial illumination was imposed. The acoustic emitter was polished to strengthen the illumination and provide a bright background for the drop.
Figures 1(a)-1(c) display one period of the typical 2-to 4-lobed oscillations observed in the experiments respectively. During the oscillation, ( = 2, 3, 4) equally-spaced lobes stretch out and contract back alternately. The locations of the lobes and hollows exchange every half period. In Fig. 1 , the frequency of the 2-lobed oscillation is 26.3 Hz, while both the 3-and 4-lobed oscillations are 50 Hz. The oscillation amplitudes are about 20% of the equatorial radius of the drop at the equilibrium state. The bright regions correspond to horizontal parts of the drop, because they reflect illumination light in the observation direction. The dark regions correspond to patches of the surface that have a significant slope. The equally-spaced lobes in the bottom view image mean that the category of oscillations observed in the experiments can be easily recognized as sectorial oscillation. Theoretically, the th mode sectorial oscillation can be described as
On the right-hand side of Eq. (1), 0 ( ) describes the initial shape of the drop, and the second term in the rectangular brackets corresponds to the oscillating part with the angular frequency and relative oscillation amplitude . The distortion extent of the initial shape can be described by the aspect ratio = 0 ( /2)/ 0 (0), i.e., the ratio of the equatorial radius to the polar radius. According to Eq. (1), the oscillation patterns of a levitated drop can be calculated. We plot the bottom view image of the oscillating drop given by Eq. (1) in Fig. 2 , and compare this with the observed shape. The relative oscillation amplitude is 0.2. The axisymmetric oblate shape is approximated by
where 2 and 4 are the second and fourth Legendre polynomials, and the coefficients 20 and 40 take the values of −0.6 and 0.125, respectively. This configuration gives an axisymmetric oblate shape with an aspect ratio of about 2 : 1, which is in agreement with the experiments. The axial illumination effect is also included in the plot. Clearly, the main features of the observed oscillations agree well with the predictions of Eq.
(1).
In the experiments, it was found that, for the same drop, the oscillation of higher mode occurs at greater distortion. By increasing the acoustic radiation pressure, a near spherical drop distorted gradually. When the distortion extent of the drop reached a critical value, the second mode sectorial oscillation took place. If acoustic radiation pressure was increased continuously from this point, the drop would become static again. The third and fourth mode of oscillations occurred in the same manner but at greater distortion. The attempts to excite higher mode oscillations failed and the drops ultimately atomized when they were distorted too drastically.
To obtain more information about these oscillations, the oscillation frequencies of the three modes were determined from the continuously recorded images. Fifteen measurements were performed for each mode and the results are presented in Fig. 3 . The oscillation frequencies were 25.4 ± 4.1 Hz, 49.9 ± 0.9 Hz and 50 ± 0.4 Hz for = 2, 3, 4 respectively. Interestingly, despite the different sizes of the drops, the frequencies of the second mode oscillation are around 25 Hz, while that of the third and fourth mode is almost exactly 50 Hz.
We checked the electric voltage applied to the transducer of the ultrasound, and found a slight enve-076801-2 lope at the peaks and valleys of the signal. The peakto-peak amplitude of the 16. When the electric voltage applied to the transducer fluctuates, intuition only expects a change of distortion extent, i.e., an axisymmetric oscillation. However, sectorial oscillations were observed. These sectorial oscillations might be parametrically excited by the periodical change of distortion extent, because their frequencies are influenced by the distortion extents. Previous investigation [16] has shown that flattened drops placed on vertically oscillating planes could be parametrically excited into sectorial oscillations. In parametrical resonances, the excitation frequency could be multiples or fractions of the oscillation frequency, and is most effective at twice the oscillation frequency. [20] In the present experiments, the perturbation frequency of the electric voltage is about 4 times the 2-lobed oscillation frequency, and twice the 3-and 4-lobed oscillation frequency.
For the same drop with a fixed distortion extent, the eigenfrequency is expected to increase with increasing . In our experiments, the oscillation frequencies of the 3-lobed mode and the 4-lobed mode were both at 50 Hz, but the distortion extents for 4-lobed mode are larger than that of the 3-lobed mode. This means that the eigenfrequencies of these nonaxisymmetric oscillations decrease with increasing distortion extent.
For the free oscillation of a spherical drop with infinitesimal amplitude, the eigenfrequency of the mode ( , ) is given by Rayleigh's equation
where and are the surface tension and the mass of the drop respectively. The mass of water drops used in our experiments is 20-50 mg, the surface tension of water is 72.75 mN·m −1 at the room temperature of 293 K, and the frequency calculated by Eq. (3) are 35.1-55.6 Hz, 68.1-107.6 Hz, and 105.4-166.7 Hz for = 2, 3, 4 respectivly. These values are significantly higher than the observed frequencies for the 2-, 3-and 4-lobed oscillations correspondingly.
The reason may come from two aspects. Firstly, the sectorial oscillation frequency of the drops decreases when it distorts into an oblate shape. Suryanarayana et al. [21] have predicted this decrease of sectorial oscillation frequency for an oblate shape by an approximation method accurate to the second order of the distortion. According to their analysis, if the distorted liquid drop is approximated by Eq. (2) , respectively. They correspond to 25.1, 58.4 and 83.1 Hz for a water drop with a mass of 40 mg. Secondly, the large oscillation amplitude may result in a further decrease of frequency. The oscillation frequency decreases with the increase of amplitude as theoretically predicted [10, 22] and experimentally confirmed. [12, 13, 18] The drop oscillation brings about fluid convection within the drop. The intensity of this convective flow can be characterized by the maximum velocity and acceleration of the liquid, which appear at the tips and joints of the lobes. By inserting = /2 into Eq. (1), the equatorial line of the drop can be described as
where 0 is the equatorial radius of the equilibrium shape. The velocity and acceleration of a tip point of the lobes are
=¨( , ) = − 0 2 cos( ) cos( ).
For a liquid drop with an equilibrium equatorial radius of 5 mm and oscillating at the 4th mode with a frequency of 50 Hz and a relative amplitude of 0.2, the velocity and acceleration of a tip point of the lobes are depicted in Figs. 5(a) and 5(b) correspondingly. The maximum velocity is 0.3 m·s −1 , and the maximum acceleration is 98.7 m·s −2 , about ten times the gravitational acceleration on earth. Such strong convection 076801-3 will certainly expedite the transfer of heat and mass in this process.
In Figs. 1 and 2 , the bright regions correspond to horizontal patches of the droplet's surface (i.e. where the surface normal points toward the observer), which reflect light back toward the observer. Their distributions provide additional information for the shape of the levitated drop during the oscillations. In order to compare the observed distribution of bright and dark patches with the shape expected for sectorial oscillations, we first require an expression for the shape in cylindrical coordinates. According to Eq. (1), the conversion from spherical coordinates to cylindrical coordinates is given by
(7b) To reveal the dependences of and on and , the spherical harmonics are expressed directly with trigonometric functions. The bright parts appear at the directions with ( , , )/ = 0, which are = 0, / , 2 / , · · · , 2 . These directions correspond to peaks and valleys spaced equally in . This feature is clearly shown in Fig. 2 , and these directions are marked by arrows. Although Fig. 2 reproduces the main features of Fig. 1 , there are still two differences between them. Firstly, there are continuous -lobed concentric bright regions in the recorded images, which is obvious in the first image in Fig. 1(b) . These cases usually appear when the drop distorts into a concave shape at relatively high acoustic pressure. [19] The thickest part forms a concentric circle and reflects light in the observation direction. This continuous bright region is inherited and deforms into an -lobed shape. In these cases, a more accurate approximation of the distorted initial shape is needed. The expression of the refined approximation could be much more complicated than Eq. (2).
Secondly, the actual outline of the bottom view image for the liquid drop at the equilibrium point of the oscillation may not be exactly round, which is evident in the second and fourth images of Fig. 1(c) . Instead, 2 small lobes appear. It seems that new lobes stretch out before the old lobes contract back completely. If the exposure time is too long, the recorded image would be a superposed result of the shape from the beginning to the end of the exposure time, and therefore may have 2 small lobes. However, these 2 small lobes also appear in neighboring images. Therefore, they should not be attributed to the exposure time. The nonlinear effect as a result of the large amplitude and high oscillation frequency may account for this phenomenon. Previous calculations [22] on axisymmetric oscillation of drops and bubbles have shown that the shape at the equilibrium point transforms from a spherical shape into a 2 -lobed shape with the nonlinear correction to the second order. To model the actual oscillation observed in the experiments, more details should be taken into account.
In summary, a category of non-axisymmetric oscillations of water drops up to the 4-lobed mode has been observed in the acoustic levitation process. These oscillations can be approximated by superposing the initial distorted shape with a sectorial oscillating term. The levitated water drops are found to oscillate at frequencies of about 25 Hz for the 2-lobed mode and more accurately at 50 Hz for the 3-and 4-lobed modes. These oscillations are excited by the disturbance from the power supply. The maximum velocity and acceleration of the liquids within a levitated drop can attain 0.3 m·s −1 and 98.7 m·s −2 respectively, indicating strong fluid convection as a result of the oscillations. The observation of higher mode oscillation at larger distortion reveals that the eigenfrequencies decrease with increasing distortion extent.
